Background
p53 is a tumor suppressor protein, defined as the "guardian of the genome", that controls response to a broad range of cellular stresses and is an important target for cancer treatment. [1] [2] [3] p53 is regulated by a complex network within which Murine double minute 2 (MDM2) and 4 (MDM4 or MDMX) are the main negative regulators. 4 Both MDM2 and MDM4 are able to inhibit the transcriptional activity of p53 by physically binding with its N-terminal transactivation domain. 5 Moreover, MDM2 displays E3 ubiquitin ligase activity by targeting p53 for proteasomal degradation; such a function involves its C-terminal Really Interesting New Gene (RING) domain. 6, 7 On the other hand, the RING domain enables the formation of homodimers (MDM2-MDM2; MDM4-MDM4) or heterodimers (MDM2-MDM4). [8] [9] [10] Although MDM2 and MDM4 share a similar structure, the latter does not show any significant E3 ubiquitin ligase activity toward p53 but represents an essential activator of MDM2 for p53 polyubiquitination. 11 Remarkably, it is the MDM2-MDM4 heterodimer that plays a pivotal role in the p53 regulation network; primarily by controlling p53 abundance through proteasomal degradation, and also because of its involvement both in the regulation of p53 transcriptional activity and p53-induced apoptosis. [12] [13] [14] [15] [16] [17] [18] Therefore, the interaction between MDM2 and MDM4 could be an appropriate target to design a highly effective cancer therapy. [19] [20] [21] Indeed, designing specific antagonists for the heterodimeric complex could prevent the formation of the MDM2-MDM4 complex and thus abolish its inhibitory activity, with restoration of the p53 oncosuppressive function.
In this context, the efficacy of such a strategy would benefit considerably from the study of the MDM2-MDM4 molecular interaction properties. For this purpose, we characterized MDM2-MDM4 complex by using atomic force spectroscopy (AFS) and surface plasmon resonance (SPR), which are two innovative and complementary techniques operating under nearly native conditions. AFS is a nanotechnology-based approach for studying the interactions between one protein firmly bound to the atomic force microscope (AFM) tip and the other to the substrate, under the application of an external force, and allows to measure, at the single-molecule level and with a piconewton sensitivity, the unbinding force of interaction, which is connected with the binding affinity and energy landscape of the two biomolecules. 22 On the other hand, SPR is a flexible and powerful tool for studying the kinetic and equilibrium characterization of binding processes occurring between a immobilized ligand on a sensor chip and its partner free in solution. 23 Both techniques witness the occurrence of a specific interaction between MDM2 and MDM4 with an equilibrium dissociation constant (K D ) in the micromolar range. Moreover, AFS reveals that the formation of the MDM2-MDM4 complex overcomes a single energy barrier and is driven by a relatively high free energy. These results are discussed in connection with the thermodynamic parameters of the MDM2-p53 complex.
Materials and methods

Protein expression and purification
Full length untagged human MDM2 (hereafter MDM2) (57.8 kDa) was purchased from Sigma-Aldrich Co. (St Louis, MO, USA) and used without further purification. Full length N-terminal glutathione S-transferase (GST)-tagged human MDM4 (hereafter MDM4) (81 kDa) was expressed and purified from bacteria. Briefly, Escherichia coli BL21 cells were transformed with pGEX-MDM4-GST vector and grown at 37°C in 500 mL of Luria-Bertani broth until the optical density reached 0.5 at 600 nm. Subsequently, 0.25 mM isopropyl β-d-1-thiogalactopyranoside was added and after 2 hours, the cells were pelleted and resuspended in 25 mL NETN buffer (20 mM Tris, pH 8, 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 0.5% NP-40) containing 1 mg/mL lysozime, 1 mM dithiothreitol, and protease inhibitors (Hoffman-La Roche Ltd., Basel, Switzerland). The cells were lysed on ice by sonication and then were subjected to centrifugation at 10,000× g for 10 minutes at 4°C. The pellet containing the insoluble fraction was resuspended in 1 mL NETN-Sarkosyl buffer (NETN, 2% Sarkosyl detergent) and then recentrifuged. The supernatant was mixed with 500 µL of 50% glutathione agarose beads. After adsorption for 2 hours at 4°C, the beads were washed twice with NETN buffer and resuspended in 20 mM reduced glutathione in 400 µL of tris sodium triton (TST) buffer pH 8 (50 mM Tris, pH 8, 150 mM NaCl, 0.1% Triton ×100). After 1 and 16 hours, the eluted protein was collected by centrifugation, filtered through Amicon Ultra-15 50 kDa cutoff filter (EMD Millipore, Billerica, MA, USA), and then resuspended in phosphate-buffered saline (PBS; 50 mM K 3 PO 4 , 150 mM NaCl, pH 7.5). The protein was then checked and quantified using sodium dodecyl sulfate polyacrylamide gel electrophoresis and Coomassie Brilliant Blue R-250, while a known amount of bovine serum albumin was used as standard.
atomic force spectroscopy experiments
Silicon nitride AFM tips (Bruker Corporation, Billerica, MA, USA) and glass substrates (ø12 mm) were functionalized to covalently link MDM2 and MDM4, respectively, using the procedure previously reported and schematically shown in Figure 1 . 24 In particular, we used 10 µL of a 6 µM solution of MDM2 for tip functionalization and 30 µL of a 6 µM MDM4 solution for substrate preparation. Force measurements were performed at room temperature with a commercial AFM (Nanoscope IIIa/Multimode AFM, Veeco Instruments, Plainview, NY, USA) in 50 mM PBS buffer of pH 7.5 in a force calibration mode. Force curves were acquired using rectangular-shaped Si 3 N 4 cantilevers (Bruker probes MSNL-10) with a nominal spring constant, k nom , of 0.02 N/m functionalized as sketched in Figure 1A . A schematic representation of the approach-retraction cycle is shown in Figure 2 . At the beginning, the MDM2-functionalized tip was moved toward the MDM4-functionalized substrate with a ramp size of 150 nm and the cantilever deflection 0 (point 1). The biomolecules jumped-to-contact at point 2. With further pressure of the tip onto the substrate, there was an electronic repulsion due to overlapping of molecular orbitals, producing an upward deflection. Once the preset maximum contact force value of 0.5 nN was reached, the approaching phase (dotted line) of the cantilever was stopped (point 3). After 100 ms encounter time, the cantilever was retracted from the substrate. During this retraction phase (continuous line), the adhesion forces and/or bonds formed during the contact phase caused the tip to bend downward, adhering to the substrate up to some distance beyond the initial contact point (point 4). As retraction continued, the spring force overcame the interacting force and the cantilever jumped off, sharply returning to a noncontact position (point 5). Force curves were collected by approaching the functionalized tip at different points of the substrate
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MDM2-MDM4 molecular interaction surface at the constant velocity of 50 nm/s, while the retraction velocity was varied from 50 to 4,200 nm/s, according to the selected nominal loading rates, defined as the product of the nominal cantilever spring constant (k nom ) by the tip pulling velocity (ν), and set in the range of 1 to 84 nN/s. The effective loading rates were then calculated from k syst × ν, where the spring constant of the entire system, k syst , was obtained, at various loading rates, from the slope of the retraction curve immediately prior to the unbinding event (in this way, taken into account was the effect on the k nom of molecules, proteins, and/or linkers, bound to the AFM tip). 25 To obtain a reliable quantitative information with statistical significance from the experiments, thousands of force curves were acquired at each loading rate. Finally, to check the specificity of the interactions, control experiments were performed by incubating the MDM2 functionalized tip with 10 µL of a 6 µM solution of MDM4 for 16 hours at 4°C and changes in Figure 1 sketch of the immobilization strategies of MDM2 and MDM4 on the aFM tip and the glass substrate, respectively. Notes: (A) MDM2 is anchored to the aFM tip through the sh group of cysteine residues exposed on the protein surface after the tip functionalization with aPTes and Nhs-Peg-maleimide crosslinker. (B) MDM4 is immobilized on a glass slide via its lysine residues through a chemical platform involving sequentially linked aPTes and glutaraldehyde. Abbreviations: aFM, atomic force microscope; aPTes, (3-aminopropyl)triethoxysilane; aminopropyl triethoxysilane; MDM2, murine double minute 2; MDM4, murine double minute 4; Nhs, N-hydroxysuccinimide; Peg, polyethylene glycol; sh, sulfhydryl; UV, ultraviolet. 
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Moscetti et al unbinding frequency were monitored at 4 nN/s loading rate. The exerted force, which was able to break the complex, called the unbinding force, F, could be calculated by multiplying the cantilever deflection at the jump-off (d in Figure 2 ) by its effective spring constant (k eff ), which was, in turn, determined by the nondestructive thermal noise method. 26 The force curves registered during the measurements showed different shapes. Curves corresponding to acceptable unbinding events were characterized, in the retraction phase, by sharp peaks, starting and ending points at zero deflection line, and by a nonlinear curved shape before the jump-off (Figure 2) , which was related to the stretching features of the polyethylene glycol linker. 27 Additionally, somewhat ambiguous deflection jumps were determined by using the 1/f noise approach. 28, 29 surface plasmon resonance experiments SPR analyses were performed at 25°C with a Biacore X100 instrument (GE Healthcare BioSciences AB, Uppsala, Sweden). Full length MDM4-GST was immobilized onto the CM5 sensor chip surface using the GST Capture Kit (GE Healthcare), following the procedure recommended by the producer. This strategy involved a capturing molecule covalently immobilized on the surface in order to attach to the ligand by high affinity binding. To this aim, an anti-GST antibody (GE Healthcare) was immobilized using standard amine coupling chemistry. 30 Briefly, the carboxymethylated dextran surface of the CM5 sensor chip (GE Healthcare) was first activated by a 7-minute injection of a 1:1 mixture of 0.4 M N-ethyl-N-(3-diethylaminopropyl) carbodiimide and 0.1 M N-hydroxysuccinimide at 10 µL/min to give reactive succinimide esters. Then a solution of the anti-GST antibody (30 µg/µL) in immobilization buffer (10 mM sodium acetate, pH 5.0, GE Healthcare) was fluxed on the reactive matrix using a flow rate of 10 µL/min. In such a way, the N-hydroxysuccinimide esters reacted spontaneously with the ligand amines to form covalent links ( Figure 3A) . We immobilized approximately 7,500 resonance units (RU) of the anti-GST antibody in flow cells 1 (Fc1) and 2 (Fc2). Unreacted sites were blocked by a 7-minute injection of 1 M ethanolamine HCl, pH 8.5, (GE Healthcare) with a flow rate of 10 µL/min. Moreover, the blocking of high-affinity sites was performed by a 3-minute injection of recombinant GST (5 µg/mL) in 50 mM PBS buffer, pH 7.5, followed by a 2-minute injection of regeneration solution (10 mM glycine-HCl pH 2.1, GE Healthcare). This procedure blocked the sites that were difficult to regenerate and could interfere with the subsequent analysis. The two flow cells were immobilized using identical conditions; therefore, Fc2 was used for ligand capture while the Fc1 was used as a reference. In the Fc2, after the baseline was stabilized by fluxing the running buffer (50 mM PBS buffer, pH 7.5, 0.005% surfactant P20 from GE Healthcare) over the surface, the ligand, MDM4-GST (20 nM), was injected at 10 µL/min flow rate until reaching an immobilized ligand level (R) of 70 RU with a theoretical analyte binding capacity (R max ) of 50 RU calculated by using Equation 1:
where analyte MW is the molecular weight of MDM2 and ligand MW is the molecular weight of MDM4-GST. To prevent nonspecific binding of the analyte, MDM2, with the anti-GST antibody, we injected recombinant GST (20 µg/mL) (GE Healthcare), blocking the anti-GST antibody binding sites that did not react with the ligand in the Fc2 and saturated all the anti-GST binding sites in the Fc1. A schematic representation of the immobilization procedures of Fc1 and Fc2 is shown in Figure 3B and C, respectively. SPR analyses were performed by using a single-cycle kinetics approach that consists of sequential injections of increasing concentrations of the analyte over the functionalized sensor chip surface, without regeneration steps between each sample injection. 31 Using a flow rate of 30 µL/min, five sequential increasing 
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MDM2-MDM4 molecular interaction concentrations, ranging from 0.2 to 2 µM, of MDM2 solution in the running buffer, were fluxed on the sensor chip surface for 180 seconds, followed by a dissociation of 180 seconds with running buffer and a final dissociation of 500 seconds with the same buffer, without intermediate regeneration.
Finally, the substrate was regenerated by using a 1-minute pulse of regeneration solution (GE Healthcare) at 10 µL/min. Analytical cycles were programmed by means of a wizard template, and the entire analysis was completely automated. A sketch of the MDM2 interaction over the MDM4 functionalized substrate is shown in Figure 3D . BiaEvaluation software 2.1 (GE Healthcare) was used to extract kinetic parameters from SPR data. The reference surface, Fc1, was used to correct systematic noise and instrument drift. The binding assay also included three start-up cycles using buffer to equilibrate the surface, as well as a zero concentration cycle of analyte in order to have a blank response usable for double reference subtraction. 32 Sensorgrams were then globally fitted to a 1:1 interaction model including the correction for mass transfer rate. Goodness of the fit was evaluated by χ 2 value and residual plots.
Results
aFs unbinding results
The interaction between MDM2 and MDM4 was investigated at the single-molecule level by using AFS. Approachretraction cycles ( Figure 2 ) were performed at five increasing loading rates by using a MDM2 functionalized tip and a MDM4 conjugated substrate ( Figure 1 ) and specific force curves were collected. The unbinding forces were evaluated and cast into a histogram for each loading rate; in all the cases, a single mode distribution was obtained and the most probable unbinding force (F*) was extracted from the maximum of the peak of the corresponding histogram; a representative histogram corresponding to 4 nN/s loading rate is shown in Figure 4A . The recorded F* increased with the loading rate with values varying between 90 and 150 pN, which were in the range usually reported for specific biological interactions. 33 The unbinding frequency, calculated as the ratio of the number of events corresponding to specific unbinding processes over the total recorded events, was approximately 17%, being consistent with values previously reported for other proteinprotein interactions. 24, [34] [35] [36] Blocking experiments on the MDM2-MDM4 complex demonstrated that the unbinding events observed arose from a specific recognition process. 37 Indeed, after incubation of the MDM2-functionalized tip with free MDM4, we noted lowering of the number of events over the whole histogram with a 60% reduction of the unbinding frequency ( Figure 4A ), thus confirming that the formation of the MDM2-MDM4 complex was significantly specific. As the molecular dissociation measured by AFS takes place under the application of an external force, the system is far from the thermodynamic equilibrium with an alteration of the energy profile. 22 Therefore, to extract the kinetic and energy landscape parameters at the equilibrium, the use of suitable theoretical models is required. [38] [39] [40] [41] Most of them take into account the unbinding process in terms of a crossing over a single, sharp barrier through the application β Figure 4 analysis of aFs results for the MDM2-MDM4 complex. Notes: (A) histograms of the unbinding forces before (gray strips) and after (dark gray) blocking, at a loading rate of 4 nN/s. The most probable unbinding force value (F*) was determined from the maximum of the main peak of the histogram of unbinding forces before blocking by fitting with Gaussian function (black curve). (B) Plot of the most probable unbinding forces, F*, versus the logarithm of the loading rates for the MDM2-MDM4 interaction. The line is obtained by fitting the experimental data by the Bell-evans model. The resulting k off and the x β of the potential barrier along the direction of the applied force are shown in the insert. Abbreviations: aFs, atomic force spectroscopy; F*, force value; k off , dissociation rate constant; MDM2, murine double minute 2; MDM4, murine double minute 4; x β , width of the energy barrier.
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Moscetti et al of a time-dependent force. However, the most widely used is the model developed by Bell and Evans, which predicts a linear dependence of the F* on the natural logarithm of the loading rate, r, as given by Equation 2:
where k B is Boltzmann's constant, T is the absolute temperature, k off is the dissociation rate constant, and x β is the width of the energy barrier along the direction of the applied force. 38, 39 By plotting F* versus the logarithm of the effective loading rate r (Figure 4B ), we observed a single regime indicative of a single energy barrier and unique transition state of the reaction. Moreover, by fitting these data with Equation 2, we found a x β of (0.34±0.04) nm and a k off of (0.02±0.01) s -1 ( Figure 4B ), with these values being typical of specific biological complexes. 37 To further investigate the energy landscape of MDM2-MDM4 interaction, an estimation of the free energy ∆G was done under the assumption of a small number of involved bonds, and then by neglecting the contribution of the entropic term. In particular, the free energy of the unbinding process can be obtained by the Eyring model, through the following expression:
where h is the Planck's constant. Accordingly, from k off we obtained ∆G complex ≅ (19.3±0.3) kcal/mol. 36 To complete the kinetic profile of the interaction, we also estimated the association rate constant (k on ) for the MDM2-MDM4 complex according to the expression k on = N A × V eff /t 0.5 , where N A is the Avogadro's number, V eff is the effective volume of a halfsphere with a radius r eff around the tip, and t 0.5 is the time for the half-maximal binding probability, given by t 0.5 =2 r eff /ν, where ν is the approach speed of the cantilever. 42, 43 Accordingly, a k on of approximately 10 4 M -1 s -1 was obtained. The assessment of both the dissociation and association rate constants allowed us to determine an equilibrium dissociation constant K D , calculated as K D = k off /k on , of approximately 10 -6 M for the MDM2-MDM4 complex.
sPr kinetic results
The interaction kinetics of the MDM2-MDM4 complex was studied in bulk condition by SPR using a single-cycle kinetics approach in which the analyte, MDM2, and the buffer were alternately injected into the cell where the ligand, MDM4, was previously immobilized. 31 The sensorgram ( Figure 5A ) shows the SPR signal (RU) as a function of time obtained from the successive injection of MDM2 at five progressively higher concentrations. During the first injection with a 0.2 µM MDM2 solution, the signal increased and reached a steady state before the end of the injection. Subsequently, the buffer flowed over the ligand and the MDM2 rapidly and completely dissociated as the signal strength decreased, close to zero. The same trend was also observed for the successive injections of increasing concentration of MDM2. As far as higher 
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MDM2-MDM4 molecular interaction MDM2 concentrations were used, progressively higher RU values at the steady state were obtained; this being indicative of increasing levels of MDM2 binding to the surfaceimmobilized MDM4. To extract information on the affinity between MDM2 and MDM4, the SPR data were analyzed in the framework of the Langmuir 1:1 binding model, which assumes a simple reversible bimolecular reaction between the ligand and the analyte, by using the SPR evaluation software package and considering the response at the steady state (arrows in Figure 5A) . 44, 45 The RU values at the steady state (R eq ) for every sample injection were plotted against the MDM2 concentration [MDM2] ( Figure 5B) and were fitted by using Equation 4 (continuous line in Figure 5B ):
where R max is the analyte binding capacity of the ligand-functionalized substrate ( Figure 5B ) and RI, defined as the bulk refractive index, is the offset on the RU axis and is assumed to be the same for all samples. A K D of (2.0±0.8)
.68 RU 2 ) was obtained for the MDM2-MDM4 complex.
Discussion
The kinetic and thermodynamic properties of the MDM2-MDM4 complex, investigated in vitro at the single-molecule level by using AFS, indicate the formation of a specific heterodimeric complex. The specificity of the MDM2-MDM4 interaction is clearly revealed both by the F* values and the unbinding frequency, obtained by force measurements, and by the x β and the k off values, obtained by fitting with the Bell-Evans model, which are in the range usually reported for specific biological interactions. 24, 33, 35, 36, 43 Moreover, the lifetime τ (τ =1/k off ) of the MDM2-MDM4 interaction is .70 times longer than τ of the MDM2-p53 association; such a value suggests that the heterodimer is available for several cycles of association and dissociation with p53 before the displacement of the MDM2-MDM4 complex occurs. 34 The relatively long lifetime of the complex with respect to that of MDM2-p53 might be consistent with the efficacy of the heterodimer in the p53 downregulation. Furthermore, the stability of the MDM2-MDM4 complex is confirmed by the high unbinding free energy obtained by AFS; being similar to that reported for some antibody-antigen pairs and higher than that reported for the unbinding of the MDM2-p53 complex. 36, 46 Interestingly, the micromolar K D determined by AFS at the single-molecule level is almost identical to that estimated in bulk by SPR, with this value being similar to K D values reported for related complexes involved in the p53 pathway such as MDM2-p53, MDM4-p53, and MDM4 homodimers. 47, 48 Although MDM2-p53 and MDM2-MDM4 complexes share a similar affinity, they display a different lifetime and unbinding free energy values. Such a difference among the affinity and the thermodynamic parameters has already been reported and attributed to the fact that some receptors might form rapidly fairly transient bonds, while others with similar affinity might require higher amounts of time to form durable bonds. 49 In summary, these new insights into kinetics and energy landscape of the MDM2-MDM4 complex may contribute to further investigation on the ternary complex formed by the MDM2-MDM4 heterodimer and p53 and, more importantly, could be of significant help in designing specific antagonists that could prevent the formation of the MDM2-MDM4 complex, with subsequent restoration of the p53 oncosuppressive function.
